Insect
Insect-borne diseases cause about 1.5 million human deaths every year (Hill et al. 2005) . Besides mortality, morbidity resulted from infection with such diseases responds for major economic losses mainly in developing countries. The burden of insect-borne diseases such as malaria and leishmaniasis in disability adjusted life years (DALY) reach almost 50 million, an indication that current strategies are not effective and new tools are necessary to combat the spread of such diseases (Hill et al. 2005) . Among the many different strategies targeting disease vectors or the pathogens they transmit (Valenzuela 2004 , Thomas & Read 2007 , Billingsley et al. 2008 , Coutinho-Abreu et al. 2009 , McMeniman et al. 2009 , Oliveira et al. 2009 ), transmission-blocking vaccines (TBVs) are thought to represent a significant step in that direction and have now moved from the bench top to clinical trials (Saul et al. 2007 , Wu et al. 2008 .
TBVs aim at interfering and/or blocking pathogen development within the vector, halting transmission to non-infected vertebrate host (Figure) . TBVs usually rely on immunization of vertebrate hosts (either infected or uninfected) with molecules derived from the pathogen or the vector in order to reduce pathogen transmission from infected to uninfected hosts. Such molecules (i.e., antigens) may be inoculated into the vertebrate host as purified proteins inducing the host immune system to produce specific antibodies (Singh & O'Hagan 1999) . Alternatively, antibodies can be raised by inoculating the host with recombinant DNA plasmids containing the gene encoding such molecules (Lobo et al. 1999 , Coban et al. 2004 , Kongkasuriyachai et al. 2004 , LeBlanc et al. 2008 . The expression and secretion of the specific protein into host tissues induce the immune system to produce antibodies against such proteins (Abdulhaqq & Weiner 2008) . To boost the immune response of the vertebrate, antigens are usually inoculated in conjunction with adjuvants. Nevertheless, the mechanisms by which adjuvants improve the immune response are still poorly understood (Singh & O'Hagan 1999 , Aguilar & Rodriguez 2007 . The specific antibodies produced against pathogen and/or vector antigens will interfere with the development of the pathogen within the vector following a blood meal on a vaccinated and infected individual.
For a molecule to be an effective TBV candidate certain basic principles must be followed. First, it has to induce high antibody titers in order to block completely pathogen development within the insect (Kubler-Kielb et al. 2007) . Additionally, in case the TBV candidate is presented in an antigen/adjuvant combination, this combination has to be safe enough to the vertebrate host in order to prevent significant side effects following immunization (Saul et al. 2007 , Wu et al. 2008 ). Ideally, a TBV candidate antigen will display low levels of polymorphisms (in field isolates) so that a unique antigen may be used to produce a TBV capable of recognizing all the field variants of that specific antigen (Kocken et al. 1995 , Drakeley et al. 1996 , Duffy & Kaslow 1997 , Sattabongkot et al. 2003 . Alternatively, an effective TBV may need to combine different antigens because the combined action of the antibodies against such antigens may produce a more efficient transmission-blocking result (Duffy & Kaslow 1997 , Gozar et al. 1998 , Kongkasuriyachai et al. 2004 .
In light of the abundance of data regarding TBVs targeting human parasites, we felt necessary to restrict the discussion on TBVs associated within this subject. Salivary antigen-based vaccines (Valenzuela 2004 , Oliveira et al. 2009 ) that in spite of the conferred protection do not prevent transmission were not included in this review. Moreover, insecticidal vaccines (Foy et al. 2003) are only briefly mentioned as per their potential to reduce vectorial capacity (Billingsley et al. 2006) . These subjects were the recent focus of many review articles (Willadsen 2004 , Billingsley et al. 2006 , Titus et al. 2006 , Dinglasan & Jacobs-Lorena 2008 , Oliveira et al. 2009 ). In this review, regarding disease vectors, we limited our discussion to insect-based TBVs and to those results based on clearly identified target molecule(s).
TBVs parasite antigen-based TBVs -Most of the studies on TBVs to date were conducted using antibodies targeting antigens expressed on the surface of sexual stage of malaria parasites (Figure, Table I ). Plasmodium falciparum proteins Pfs25, Pfs28, Pfs48/45 and Pfs230 and their orthologs in Plasmodium vivax were tested in transmission-blocking assays (Quakyi et al. 1987 , Kaslow et al. 1988 , Duffy & Kaslow 1997 , Hisaeda et al. 2000 , Sattabongkot et al. 2003 , Malkin et al. 2005 , Outchkourov et al. 2008 . Following is a discussion of each one of these Plasmodium-derived TBV molecules, different expression systems utilized to produce them and combination with different adjuvants.
P. falciparum-derived TBV candidate -Pfs25 -
Pfs25 is a 25kDa protein expressed on the surface of zygote and ookinete stages of P. falciparum and consists of four tandem epidermal growth factor (EGF) domains (Kaslow et al. 1988) . The TBV potential of Pfs25 was demonstrated using the Vaccinia virus as delivery systems of this antigen to mammalian hosts or using recombinant Pfs25 expressed in yeast (Barr et al. 1991 . With the Vaccinia virus system, infectivity of Anopheles freeborni with P. falciparum following an infection on artificial blood meal was reduced to 40% when 25 µg/mL of Pfs25 monoclonal antibodies was added to the blood meal. Infectivity was almost eliminated when the concentration of monoclonal antibodies was increased to 200 µg/mL and transmission blocking activity was complete when polyclonal antibodies were used . A recombinant Pfs25 expressed in yeast (Pfs25-B) also exhibited blocking activity. Sera from mice injected with Pfs-25-B in the presence of adjuvants, such as Freund's or muramyl tripeptide (MTP-MF59), reduced P. falciparum infection of A. freeborni to less than one percent of the mosquitoes tested. Likewise, mosquitoes fed on blood of Aotus trivigatus monkeys infected with P. falciparum and immunized with Pfs25-B in combination with MTP-MF59 adjuvant exhibited infectivity of less than 10% (Barr et al. 1991) .
As a monomer, Pfs25 was shown to be poorly immunogenic (Kubler-Kielb et al. 2007 ) and different forms of this protein, including various Pfs25 dimers (obtained from single or two-step linkage conjugations) or Pfs25 linked to immunogenic domains (such as OVA and the Pseudomonas aeruginosa recombinant exoprotein A), were tested for higher induction of antibody titers. Two of the Pfs25 dimers obtained via two-step conjugation of amide linkages displayed the greatest immunogenicity, which was further increased when injected with alum (Kubler-Kielb et al. 2007) .
Nasal immunization with Pfs25 in the murine model also was tested (Arakawa et al. 2005) . Pfs25 expressed in yeast (Pichia pastoris) was administered intranasally with a cholera toxin adjuvant in mice. This route of immunization induced both mucosal and systemic antibodies that were capable of eliminating P. falciparum oocyst emergence in Anopheles dirus (Table I) (Arakawa et al. 2005) .
A phase I (human safety assessment) trial of P. pastoris-expressed Pfs25 antigen using Montanide ISA Transmission blocking vaccines (TBVs). TBV is a strategy designed to prevent transmission of a pathogen by the bite of its infected, natural vector. Frequently, TBVs rely on generating antibodies against vector molecules that are involved in pathogen development. I: healthy (blue) and infected (red) individuals are immunized with a TBV antigen; II: insect-vectors take an infected blood meal containing TBV antigen-specific antibodies; III: specific antibodies produced against the antigen inhibit pathogens development within the insect vector: IV: preventing transmission to uninfected host(s). 
L. major
Phlebotomus duboscqi (Wu et al. 2008) . Although anti-Pfs25 human serum inhibited P. falciparum oocyst intensity in Anopheles stephensi by more than 90%, reactogenicity (local and systemic) in human volunteers prevented Montanide ISA 51 to be used as an adjuvant with Pfs25 (Wu et al. 2008) . TBV potential of DNA-based Pfs25 vaccines also have been assessed in murine (Lobo et al. 1999 ) and non-human primate models (Coban et al. 2004 ). For both animal models, vaccination was carried out using plasmids encoding Pfs25 or Pfg27, or a combination of plasmids expressing either one of these proteins, or expressing a chimeric Pfs25-Pfg27 protein. Pfg27 antigen is mainly expressed on the surface of P. falciparum gametocytes (Lobo et al. 1999 , Coban et al. 2004 . In the mouse model, DNA immunization with the plasmids encoding Pfs25 alone or in combination with Pfg27-encoding plasmids induced high antibody titers after only two inoculations without adjuvants (Lobo et al. 1999) . Injection of plasmids encoding Pfs25 alone displayed the greatest TBV activity (oocyst infectivity reduction: 96.2-96.6%), followed by co-immunization with plasmids encoding Pfs25 or Pfg27 (oocyst infectivity reduction: 94.8-96.4%). Immunization with plasmids expressing Pfg27 alone did not induce effective TBV potential (Lobo et al. 1999) . In contrast, immunization of rhesus monkeys (Macaca mulatta) with plasmids expressing Pfs25 or a chimeric Pfs25-Pfg27 protein did not stimulate the production of high antibody titers, even after four inoculations and was incapable of inhibiting P. falciparum development in A. stephensi (Coban et al. 2004 ). However, subsequent single immunization with the yeast-expressed Pfs25 protein, along with Montanide ISA 720 adjuvant, significantly reduced P. falciparum oocyst numbers by up to 95% in A. stephensi (Coban et al. 2004 ). Heterologous boosting with recombinant Pfs25 did not induce TBV activity in the immunization with plasmids expressing the chimeric Pfs25-Pfg27 (Coban et al. 2004) . Therefore, heterologous boosting of Pfs25 DNA-based TBV vaccine with a recombinant protein plus adjuvant seems to be a reliable option for a phase 1 trial as this vaccination strategy induced strong reduction of P. falciparum development in mosquitoes as well as was unable to affect the health of non-human primates (Coban et al. 2004 ).
An attempt to boost the immunogenicity of a Pfs25-based DNA vaccine was performed via in vivo electroporation (LeBlanc et al. 2008) . This method elicited similar anti-Pfs25 antibody titers in mice as immunization carried out with 100 fold more plasmid without electroporation. Additionally, membrane feeding assays using either serum, derived from Pfs25-DNA plasmid immunization after electroporation or from Pfs25-DNA plasmid (100 fold concentrated) immunization without electroporation, induced similar P. falciparum oocyst intensity reduction in Anopheles gambiae (approximately 85%). In vivo electroporation of Pfs-25 encoding plasmids could be tested to boost the immune response of TBVs in non-human primates and eventually in phase 1 trials (LeBlanc et al. 2008 ).
P. falciparum-derived TBV candidate -Pfs28 -Pfs28 is a 28kDa P. falciparum conserved protein expressed on the surface of retorts, a transitional stage between zygote and ookinete. This antigen also was tested in transmission blocking activity assays. Antibodies produced by the injection of yeast-expressed Pfs28 (yPfs28), in the presence of alum, significantly reduced the infectivity of A. freeborni mosquitoes with P. falciparum. Lower infectivity was exhibited when vaccination was carried out with yPfs28 and yPfs25 antigens injected together (Duffy & Kaslow 1997) .
Transmission blocking activity against P. falciparum was further improved when Pfs25 and Pfs28 were expressed as a unique chimeric protein in yeast, the 25-28c recombinant protein. Vaccination with the 25-28c recombinant protein led to complete arrest of oocyst development earlier, using a lower dose and for a greater amount of time, than vaccination with either Pfs25 or Pfs28 alone or a combination of both (Gozar et al. 1998 ).
P. falciparum-derived TBV candidate -Pfs48/45 -Another TBV candidate to control spread of P. falciparum is Pfs48/45. The Pfs48/45 gene encodes a unique protein that migrates as a double band under non-reducing conditions (Milek et al. 2000) . This protein is expressed on P. falciparum gametocyte and gamete surfaces and has a central role in male gamete fertility (van Dijk et al. 2001 ). Attempts to express this protein in its native form using different systems, such as bacteria (Milek et al. 1998a) , Vaccinia virus (Milek et al. 1998b ) and yeast (Milek et al. 2000) have failed due to improper folding. However, expression of a truncated form of Pfs48/45 (Pfs48/45-10C) in E. coli followed by steps of chemical-induced refolding produced 10-20% of correctly folded Pfs48/45-10C (Outchkourov et al. 2007 ). Mice polyclonal antibodies produced against Pfs48/45-10C recombinant protein (in the presence of Freund's adjuvant) reduced the intensity of P. falciparum oocysts in A. stephensi by more than 15 fold (Outchkourov et al. 2007 ). Additionally, antibody titers were sufficient to induce transmission blocking effects (Outchkourov et al. 2007 ). Much improved refolding of the truncated Pfs48/45-10C was obtained through co-expression of E. coli chaperones (i.e., 90% of the recombinant protein was properly folded and stable) (Outchkourov et al. 2008) . Immunization of mice with this recombinant protein led to production of antibody titers that were capable of reducing P. falciparum oocyst intensity in A. stephensi by at least 88% in 11 out of 12 assays (Outchkourov et al. 2008) .
Furthermore, with regards to the application of Pfs48/45 as a potential TBV against malaria, the variability of Pfs48/45 from culture and field isolates from many countries was analyzed (Kocken et al. 1995 , Drakeley et al. 1996 . The results obtained indicated low levels of polymorphism in the overall gene among either in vitro cultures or field isolates (Kocken et al. 1995 , Drakeley et al. 1996 .
P. falciparum-derived TBV candidate -Pfs230 -Another P. falciparum protein tested in TBV assays was Pfs230, a 230kDa protein expressed on the surface of gametocytes. Although antibodies against Pfs230 blocked the development of P. falciparum in the midguts of A. freeborni, the transmission blocking activity of antiPfs230 monoclonal antibodies was completely lost when complement was inactivated. Thus, the blocking activity of anti-Pfs-230 antibodies was detected only when complement proteins were present (Quakyi et al. 1987) .
P. vivax-derived TBV candidates -Pvs25 ANd Pvs28
-P. vivax sexual stage surface proteins, orthologs of P. falciparum TBV candidates, also have been isolated and tested in transmission blocking experiments. Pvs25, a Pfs25 ortholog, is expressed on the surfaces of the insect-stages, zygotes and mature ookinetes, whereas Pvs28, a Pfs28 ortholog, is mainly expressed on retorts and mature ookinetes (Hisaeda et al. 2000) .
Transmission blocking experiments using antibodies against either Pvs25 or Pvs28 were tested (Hisaeda et al. 2000) . Four species of mosquitoes were artificially fed on a mixture of P. vivax-infected chimpanzee blood in the presence of antibodies (raised in mice co-injected with alum). P. vivax ookinete development was completely blocked by the anti-serum against Pvs25 (Hisaeda et al. 2000) . Vaccination against Pvs25 and Pvs28 also presented efficient transmission blocking activity against P. vivax isolated from human patients, despite polymorphism in these proteins (Sattabongkot et al. 2003) .
Sera of Aotus lemurinus griseimembra monkeys immunized with Pvs25 and Montanide ISA 720 adjuvant also were used in a TBV assay (Arevalo-Herrera et al. 2005) . These sera were capable of blocking human-derived P. vivax oocyst intensity in Anopheles albimanus by more than 98%, reaching complete oocyst inhibition in most of the replicates (Arevalo-Herrera et al. 2005) .
Similar to the transmission blocking activity of the Aotus anti-Pvs25 sera observed previously (ArevaloHerrera et al. 2005) , TBV activity of anti-Pvs25 sera raised in rhesus monkeys also was assessed (Collins et al. 2006 ). The boosting effect of two adjuvants (alum and Montanide ISA 720) was compared. Immunization with a combination Pvs25 and Montanide ISA 720 induced a stronger antibody response than Pvs25 and alum in rhesus monkeys, reaching 100% reduction of oocyst intensity in A. freeborni, 204 days after immunization (Collins et al. 2006) .
Transmission blocking activity of Pvs25 has been evaluated in phase 1 human trials. Antibodies to Pvs25 were raised in healthy human volunteers using Alhydrogel ® (aluminium hydroxide gel) as adjuvant and the sera was mixed with the P. vivax-infected blood taken from infected patients from an endemic region. This mixture of human infected blood and human anti-Pvs25 serum was used to artificially feed A. dirus. The results from the study revealed significant interference in P. vivax development within mosquito midgut caused by the human anti-Pvs25 sera. Additionally, long lasting antibody titers were elevated and no reactogenicity (side effects) was observed (Malkin et al. 2005) . Nevertheless, higher antibody titers are necessary for successful control of P. falciparum transmission by mosquitoes in endemic areas (Malkin et al. 2005) . A second phase 1 trial, also using Pvs25 as a potential TBV was carried out using Montanide ISA 51 as an adjuvant. Due to induced local and systemic reactions in the vacinees, use of this antigen-adjuvant combination in humans was halted (Wu et al. 2008) .
Immunogenicity of Pvs25 and Pvs28 DNA-based TBVs was also assessed in a murine model (Kongkasuriyachai et al. 2004 ). Many immunization schemes, including Pvs25 or Pvs28 plasmids alone, in combination, boosted with the recombinant Pvs25 or Pvs28 proteins plus aluminium hydroxide adjuvant or a combination of plasmids encoding Pvs25 and Pfs25, were carried out. Overall, all these schemes efficiently elicited comparable levels of antibodies and inhibited P. vivax development in A. freeborni and A. gambiae (at least 74% oocyst intensity reduction) (Kongkasuriyachai et al. 2004 ).
Other pathogen molecule-based TBV candidatesIn regard to proteins expressed on the surface of parasites (other than Plasmodium) transmitted to humans by insect vectors (Table I ) only a limited number has been tested as potential TBVs (Tonui et al. 2001a , b, Saraiva et al. 2006 .
In Leishmania major, the two most abundant surface antigens, lipophosphoglycan (LPG) and gp63, were tested as TBVs. Phlebotomus duboscqi sand flies were partially fed on mice immunized with purified native LPG, recombinant gp63 (rgp63) expressed in bacteria, crude L. major lysate (WPA), or a cocktail of LPG and rgp63. The sand flies were subsequently fed on L. major-infected mice. The results indicated that serum against WPA and the two protein-cocktail exhibited greater L. major blocking activity than sera against either LPG or gp63 (Tonui et al. 2001a ). However, blocking of L. major development was due to damage of the midgut epithelial layer, probably caused by immune-active substances present in the blood of the pre-vaccinated mice (Tonui et al. 2001a ).
Interestingly, a commercially available vaccine for canine visceral leishmaniasis (Leishmune ® ) was recently shown to function as a TBV in sand flies (Saraiva et al. 2006) . Leishmune ® [surface molecule (FML) -vaccine] is a protective vaccine made of Leishmania donovani fucose-mannose ligand and the adjuvant saponin, which was successfully tested in a phase III vaccine trial (da Silva et al. 2000) . Although the FML was isolated from L. donovani, Leishmune ® exhibited transmission blocking activity in the New World sand fly Lutzomyia longipalpis when infected with Leishmania infantum chagasi (Saraiva et al. 2006) . Antibodies produced in dogs following Leishmune ® injection reduced Lu. longipalpis infectivity by 79.3% and parasite load by 74.3% even after 12 months of immunization (Saraiva et al. 2006) .
Insect-based TBVs -Proteins expressed within insect vector tissues and that may interact with pathogens also have been tested as TBV candidates (Table II) . Insectbased TBV candidates include (structural) proteins that are expressed by the insect midgut (Lal et al. 2001) , midgut enzymes that play a role in blood digestion (Lavazec et al. 2007 ) and parasite receptors expressed by the epithelial cells lining the midgut (Kamhawi et al. 2004 , Dinglasan et al. 2007 ). Kamhawi et al. (2004) a: MG25E is a monoclonal antibody derived from antigens present in A. gambiae midgut lysates; b: median values, corresponding to 67% inhibition in A. gambiae and 73% inhibition in A. stephensi, respectively; c: controls presented 55% L. major infectivity; d: sera were not previously diluted prior to mixing with equal or greater amount of blood for insect feeding; NA: not applicable; -: undetermined.
In mosquitoes, polyclonal antibodies against A. gambiae midgut proteins nearly completely reduced the intensity of P. falciparum oocysts (98%) and sporozoites (96%) within A. stephensi tissues. Also, A. gambiaederived anti-midgut monoclonal antibodies-inhibited development of P. falciparum and P. vivax in different Anopheles species (Lal et al. 2001) . Additionally, these antibodies also can be used to reduce insect vector densities (vector-blocking vaccines) because they reduce vector survivorship and fecundity (Lal et al. 2001) . Antibodies against carboxypeptidase cpbAg1 from A. gambiae reduced P. falciparum infectivity by more than 92% seven days after an infectious artificial blood feeding (Lavazec et al. 2007 ). In addition to the effect on the number of oocysts per infected mosquito, anti-cpbAg1 strongly reduced mosquito progeny (Lavazec et al. 2007 ). Antibodies to a midgut aminopeptidase (AgAPN1), which is one of the P. falciparum receptors in the A. gambiae midgut, were used to reduce P. falciparum oocyst intensity in A. gambiae and A. stephensi by 73% and 67%, respectively (Dinglasan et al. 2007 ).
Sand fly-based TBV have also been suggested as a potential strategy against Leishmania transmission, especially in those situations where the disease displays an anthroponotic transmission profile, or where domestic dogs play a critical role as reservoirs of the parasite. The utilization of sand fly molecules as TBVs was contemplated following the characterization of PpGalec, a galectin (galactose-binding) -like protein. PpGalec is a expressed on the surface of the midgut cells in Phlebotomus papatasi and serve as a receptor for L. major LPG attachment (Kamhawi et al. 2004 ). Interestingly, P. papatasi fed artificially on mouse blood containing L. major amastigotes and mixed with sera from PpGalec-immunized mice displayed a reduction of 86% on the levels of L. major infection within the sand fly midgut. Moreover, no infectious metacyclic forms were detected from the flies fed on anti-PpGalec sera (Kamhawi et al. 2004) .
Although this study clearly demonstrated that by using anti-sera it is possible to block a parasite receptor within the midgut of its vector, the issue here is that PpGalec is present within a vector that is associated with zoonotic disease. To succeed against the transmission of a human parasite, a TBV molecule has to function in vector-parasite pairs that are meaningful to human disease.
In a similar approach, anti-sera raised against another sand fly molecule, PpChit1, also characterized from P. papatasi (subgenus Phlebotomus) inhibited the chitinolytic activity of the midgut of other sand fly species in vitro, including P. duboscqi (also subgenus Phlebotomus), but even from a sand fly (Phlebotomus argentipes) of a distant subgenus (Euphlebotomus) (Ramalho-Ortigao et al. 2005) . These data suggested a significant cross-species activity, which is what is at stake here. Thus, using a model disease vector such as P. papatasi for investigations related to the identification of candidate TBVs will provide significant clues to molecules that display a broad spectrum of activity, have counterparts (orthologs or paralogs) in other sand fly vectors and are potentially directly associated with the development of Leishmania. Thus, when such molecules are targeted, via antibodies or other strategies, it will lead to the disruption of the development of the parasite and its transmission to humans and domestic animals.
Challenges and perspectives on TBVs -In addition to identifying TBV candidates that are effective and may span different insect vector species, challenges to TBV development also encompass antigenic variability present in field isolates (Kocken et al. 1995 , Drakeley et al. 1996 , Duffy & Kaslow 1997 , Sattabongkot et al. 2003 , immunogenicity of such antigens (Kubler-Kielb et al. 2007) , reactogenicity caused by adjuvants (Saul et al. 2007 , Wu et al. 2008 , non-specific responses (Quakyi et al. 1987 , Tonui et al. 2001a ) and improper folding of antigens (Kaslow et al. 1994 , Milek et al. 1998a , b, 2000 . Natural antigenic boosting is another important issue that must be dealt with (Arevalo-Herrera et al. 2005) .
Antigens expressed on the surface of insect-stage parasites have been postulated as TBV candidates because they seem not to be under the selective pressure mediated by the vertebrate immune system. Consequently, these proteins could exhibit low levels of polymorphisms, favoring the efficacy of vaccines derived from a unique antigenic variant (Sattabongkot et al. 2003) . Even though Pvs25, Pvs28 and Pfs48/45 proteins from different Plasmodium field isolates are polymorphic antigens, the amount of variation of these antigens does not preclude their use as TBVs (Drakeley et al. 1996 , Duffy & Kaslow 1997 , Sattabongkot et al. 2003 . On the other hand, antigenic variability of vector TBV candidates has not yet been assessed.
Another challenge to the development of TBVs is related to the strength of the immune response mediated by the TBV candidate. For example, Pfs25 does not stimulate a strong immune response to generate antibody titers that could reduce parasite development efficiently in mosquito field populations (Kubler-Kielb et al. 2007) , nor does Pvs25 administered with Alhydrogel ® (Malkin et al. 2005) . In order to booster the immunogenicity of Pvs25, a different adjuvant (Montanide ISA 51) has been tested (Wu et al. 2008) . Similarly, immunogenicity of Pfs25 has been improved by modifications of the 3D-structure of this protein (Kubler-Kielb et al. 2007) as well as by the use of different adjuvants (Barr et al. 1991 , Kaslow et al. 1994 ).
An alternate strategy to boost the immune response of TBV antigens was assessed through DNA-based TBV immunization (Lobo et al. 1999 , Coban et al. 2004 , Kongkasuriyachai et al. 2004 , LeBlanc et al. 2008 . Besides the lower cost and stability of these vaccines (LeBlanc et al. 2008) , DNA-based TBVs alone or boosted with recombinant proteins elicit high antibody titers (Lobo et al. 1999 , Coban et al. 2004 , Kongkasuriyachai et al. 2004 . These vaccines were used to block transmission of malaria parasites and have demonstrated safety when used in non-human primates (Lobo et al. 1999 , Coban et al. 2004 , Kongkasuriyachai et al. 2004 ). Electroporation of DNA-based TBVs enhanced antibody production in mice and also are considered an alternative to boosting antibody response to DNA vaccines in larger animals (LeBlanc et al. 2008 ).
The use of adjuvants to boost TBV antigen response is a significant issue to be resolved, as certain types of adjuvants induce reactogenicity in humans (Wu et al. 2008 ) and animal models (Saul et al. 2007) . In humans, a combination of Pvs25 and Alhydrogel ® was shown to be safe in a phase 1 trail (Malkin et al. 2005) . In contrast, Pvs25 and Montanide ISA 51 caused local and systemic adverse effects (Wu et al. 2008) . In rhesus monkeys, while Pvs25-H Montanide ISA 720 immunization induced higher levels (10 fold) of antibodies than the Pvs25-Alhydrogel ® (aluminium hydroxide gel) combination, it also led to local reactogenicity (Saul et al. 2007) . In a subsequent experiment, the immunization of monkeys with similar or lower doses of Pfs25/Montanide ISA 720 did not induce local reactogenicity or stimulated antibody levels following a second round of injection with a dose as high as that in the first experiment (Saul et al. 2007) . A qualitative difference in immune response between the first and second boosting may be responsible for the reactogenic reactions caused by Pfs25/Montanide ISA 720. As suggested by Saul et al. (2007) , this may be prevented by an immunization scheme using a small priming dose followed by a second dose several months later (Saul et al. 2007 ). Therefore, combinations of TBV candidate antigens and adjuvants need to be thoroughly tested in order to define the specific dose to be administered and using the safest antigen-adjuvant combination.
Another interesting aspect of TBVs is the possibility of natural boosting of the immune response of animals infected with a pathogen (i.e., pre-immunized) (Milek et al. 1998a , b, Arevalo-Herrera et al. 2005 . Hence, candidate TBV proteins expressed on the surface of both insect-stage and blood-stage pathogens may induce activation of the immune response in infected hosts vaccinated with the same antigens (Arevalo-Herrera et al. 2005) . However, this approach may not be suitable to every TBV, such as Pvs25 which displays low expression in blood-stage P. vivax (Arevalo-Herrera et al. 2005) and has yet to be demonstrated for the Plasmodium TBVantigen candidates that are expressed during gametocytogenesis, for example, Pfs230 (Quakyi et al. 1987 ) and Pfs48/45 (Milek et al. 1998a, b) .
Proper folding of the TBV candidate protein following expression via recombinant techniques also may affect the efficacy of the vaccinating antigen. As indicated above, expression of Pfs25 in prokaryotic systems resulted in improper folded proteins (Kaslow et al. 1994) , which was solved by expression in yeast (Kaslow et al. 1994 ) or in Vaccinia virus-infected mammalian cells . Conversely, Pfs48/45 expressed in bacteria (Milek et al. 1998a) , Vaccinia virus-infected mammalian cells (Milek et al. 1998b ), or yeast (Milek et al. 2000) resulted in the production of denatured antigens, improper for host immunization. Properly folded Pfs48/45 was recently obtained by chemically induced re-folding of an E. coli-expressed truncated Pfs48/45 (Outchkourov et al. 2007 ) and through co-expression of this antigen with E. coli chaperons (Outchkourov et al. 2008) . Thus, the system of choice for recombinant expression can significantly affect the outcome of the TBV candidate.
Future directions on TBV research -The low antibody-responses induced by immunization with
Plasmodium-surface proteins as well as the reactogenicity caused by some adjuvants seem to be the main constraints on the development of anti-malaria TBVs (Kubler-Kielb et al. 2007 , Saul et al. 2007 , Wu et al. 2008 . Although antigen engineering has been carried out in order to improve antibody-response (Kubler-Kielb et al. 2007 ) and some immunization routines appear to reduce side effects (Saul et al. 2007 ), human-safe adjuvants that induce strong antibody responses still need to be developed for TBV antigens to induce sufficient antibody titers to reduce transmission in endemic areas. With regards to other pathogens besides malaria parasites, assessment of potential TBV candidate antigens has yet to be undertaken.
In regards to insect-based TBV candidate molecules, the number of TBV antigens available is still reduced and needs to be extended to target other vector species. In addition to assessing a TBV candidate molecule that prevents pathogen development within insect vector tissues, an effect on the vector survivorship is also one of the main objectives.
Reduction of vector survival is thought to interfere exponentially with vectorial capacity (Black & Moore 2004 , Billingsley et al. 2006 , as the time available for pathogen development within the vector is significantly shortened. Despite several studies showing that insect feeding on blood of animals immunized with insect tissue homogenates exhibit reduced survivorship, most of these studies suffered from high experimental variability (Billingsley et al. 2006 ). However, one study has shown that immunization with a unique insect molecule (mucin) can induce an immune response capable of killing insect vectors via a cell-mediated response (Foy et al. 2003) . Thus, an ideal TBV antigen should reduce parasite development, reducing vector competence (a linear parameter in the vectorial capacity equation), as well as vector survivorship (the exponential parameter). These two effects associated can lead to thorough reduction of vectorial capacity and disease burden in endemic areas.
TBV could also be able to reduce survivorship of different species of insect vectors, via immunization with conserved antigens, as proposed by Canales et al. (2009) , providing protection to pathogens transmitted by different vectors. However, significant cross-species effects have yet to be demonstrated.
Significant funding and research efforts are currently been invested to develop novel mechanisms to control insect-borne diseases. Among the various strategies investigated, TBVs may soon be applied towards the control of vector-borne diseases, especially malaria and leishmaniasis. This assumption is supported by at least two recent developments, the first being the approval of the P. vivax Pvs25 antigen as TBV during a phase I human trial (Malkin et al. 2005 , Saraiva et al. 2006 . Another is the use of the fucose-mannose ligand from L. donovani as a vaccine against canine visceral leishmaniasis following a phase III trial for animal application (da Silva et al. 2000, Saraiva et al. 2006 ). Interestingly, Leishmune TM also function as a TBV preventing the development of L. infantum chagasi in its natural vector the sand fly Lu. longipalpis (Malkin et al. 2005 , Saraiva et al. 2006 .
Currently, many laboratories are investigating several leads that potentially can be applied as TBV to prevent insect-transmitted pathogens. However the outcome of the research with current TBV candidates, it is clear to investigators that novel strategies are needed in order to reduce the current burden of vector-borne diseases in general.
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